Introduction
Low reducing agent rate operation of blast furnace is an effective method for decreasing carbon dioxide emission in steel works. 1) Lowering of thermal reserve zone temperature in the blast furnace increases the gas utilization ratio and decreases reducing agent of blast furnace. Since the thermal reserve zone temperature is mainly determined by the heat balance between the endothermic gasification reaction of carbon and the heat supply from gas flow, the enhancement of the gasification reaction rate of carbon in reducing agent decrease temperature of thermal reserve zone. Gas utilization efficiency increases with a decrease in temperature of thermal reserve zone. Therefore high reactive reducing agent leads to the low reducing agent rate operation of blast furnaces.
The carbon iron ore composite had been proposed for increasing reactivity of burden for the blast furnace. [2] [3] [4] [5] The reaction between conventional burdens, namely, coke, sinter and pellet of iron oxide occurs mainly with exchange between CO and CO 2 through gas phase. On the other hand, since the carbon iron ore composite is composed of small particles of coke and ore, the proximity effect between carbon and iron ore is supposed to enhance the reactivity between them and decrease the reaction temperature. Actually, higher reactivity is observed for the carbon iron ore composite.
3) The gasification of carbon is considered to be rate controlling step for reduction of the composite. [6] [7] [8] [9] In order to increase reactivity of carbon iron ore composite, enhancement of gasification reaction of reducing agent is an important issue. Catalytic effects of Redox reaction of iron and alkali compounds for the gasification reaction of carbon has been reported. 2) Biomass char is a highly reactive reducing agent. When biomass char is used as reducing agent of the carbon iron ore composite, it was confirmed that the biomass char could increase the reactivity of the composite. 10) In addition to the utilization of biomass char with high reactivity, this study focused on the catalytic effect of iron oxide of submicron powder with Redox reaction so as to accelerate gasification rate of carbon. These submicron iron oxide powders can be generally produced by the fluidized roasting of pickling waste liquor of steel sheet in the steel works. This study paid attention to functional utilization of these iron oxide powders to ironmaking process. The newly designed carbon iron ore composite composed of biomass char coated with submicron iron oxide powders and iron ore fines was proposed. Since these iron oxide powders of submicron size directly attached to carbon actively works as catalyst, the reactivity of carbon iron ore composite can be substantially improved. This paper describes the effectiveness of submicron iron oxide powders on the enhancement of reduction behavior of these carbon iron ore composites through TG-DTA and reduction experiments. Increasing reactivity of burden for the blast furnace can decrease temperature of the thermal reserve zone and reducing agent for producing pig iron. Carbon iron ore composite is considered to be a candidate of high reactive burden. Reactivity of the carbon iron ore composite can be improved by an increase in reactivity of carbon. It is known that Redox reaction of iron enhances the gasification reaction of carbon, therefore carbon supported by iron can accelerate the reaction of the carbon iron ore composite.
In the present study, the newly designed carbon iron ore composite consisting of biomass char coated with submicron iron oxide powder and iron ore fines was proposed to improve the reduction rate. These submicron iron oxide powders can be generally produced by the fluidized roasting of pickling waste liquor of steel sheet in the steel works. These iron oxide powders with submicron size directly attached to carbon could work as a catalyst to increase the gasification reaction rate of carbon. It was confirmed that addition of submicron iron oxide powder to the carbon iron ore composite with biomass char enhanced its reactivity. On the other hand, the addition of iron oxide powders to coke was not effective. Substitution of small ratio of iron oxide powder for iron ore fines in the carbon iron ore composite with biomass char remarkably improved the reactivity of the composite. Figure 1 shows the structure of newly designed carbon iron ore composite. The submicron iron oxide powders (iron oxide powder) can be supplied from fluidized roasting process of pickling waste liquor of steel sheet in the steel works. The carbon materials are densely coated with these powders by drum mixer, and they are mixed with iron ore fines. In this study, MBR pellet feed are used as iron ore fines. Chemical composition and SEM images of iron ore (MBR-pellet feed) and iron oxide powder are listed and shown in Table 1 and Fig. 2 , respectively. MBR-PF was screened within a diameter of 45-75 mm. The iron oxide powder contains less impurity. The SEM images show particles of iron oxide powders and a part of surface of MBR-PF. The surface of MBR-PF is rough, nonuniform and dense. The size distribution of iron oxide powder is shown in Fig. 3 . As shown in Fig. 1 and Fig. 2 , these powders are composed of small particles of round shape less than 1 mm in diameter. The surface of powder is smooth due to the production process by rapid evaporation by fluidized roasting. It can be easily estimated that the surface area of iron oxide powder is much larger than that of MBR-PF per unit weight.
Specification of Carbon Iron Ore Composite
Coke used in the actual blast furnace and the biomass char carbonized from cedar in inert gas at 800°C for 2 h are used as specimen. SEM images of the coke and biomass char particles are shown in Fig. 4 . The surface of coke is rough, and small particles of ash minerals are observed on the surface. The compositions of coke and ash particles are shown in Table 2 . Ash is mainly composed of SiO 2 and Al 2 O 3 . The duct structure of wood remains in the biomass char. Thickness of the flat plate originated from the cell wall in wood is a couple of micrometers.
SEM images of biomass char with iron oxide powder is shown in Fig. 5 . The iron oxide powders can be observed on the surface of biomass char in Fig. 5 . Although these powders were well mixed with biomass char by drum mixer, they were sparsely adhered on the surface and some powders agglomerates. Since some oxide particles attached initially on surface, it is difficult to distinguish iron oxide powder from other oxide particles by the SEM image. Then, it was confirmed by EDAX analysis that these particles on coke were iron oxide powders as sown in Fig. 5 .
Gasification Rate of Coke and Biomass Char

Direct Observation of Gasification Behavior of
Coke and Biomass Char To observe directly the reaction behaviors of coke and © 2010 ISIJ biomass char particle in CO 2 atmosphere, a laser confocal microscope in high temperature was used as shown in Fig.  6 . Sample was heated at a rate of 1.67°C/s until specific temperature, and then held at the temperature. Coke and biomass char were held at 1 200 and 600°C, in CO 2 atmosphere and intervals of each image are 60 s and 30 s, respectively. Since the gasification rate of coke is not so high as biomass char, high temperature condition such as 1 200°C was selected for observation for coke. In Fig. 6 , dark color regions are samples. The area of coke shrinks gradually with an increasing in the reaction time. Reaction finished with in 300 s. Finally, coke ash remained after reaction of carbon. Since the structure of biomass char is porous honeycombs composed of thin flat plates, then the gasification reaction occurs on each surface of plates. In the observation of shape during reaction, the area of biomass char does not shrink linearly, and is almost the same to initial shape until 90 s, and then disappeared immediately.
Comparing biomass char with coke, it is shown that the reactivity of biomass char is much higher than that of coke in spite of temperature condition difference. The gasification reaction of biomass char occurs uniformly in the particle due to the relative difference of reaction rate to diffusion rate in the particle. The BET surface area of biomass char was 500 m 2 /g, and that of coke was 1.0-2.0 m 2 /g. 10) Although the volumetric reaction rate of coke increases with a decreasing in particle size, that of biomass char is not directly affected by its size due to the porous structure, and biomass char alomost keeps its shape during gasification. It is estimated that active iron oxide powder on surface of biomass char can accelerate the gasification rate.
Effect of Iron Oxide Powder on the Reactivity of
Coke and Biomass Char The reaction rate constants of gasification reaction of coke and coke treated with iron oxide powder in CO 2 and CO/CO 2 (ϭ7/3 in partial pressure ratio) mixture were measured by the TG-DTA. The carbon material were screened between 45-74 mm. By the preliminary arrangements, the gravimetric change by iron oxide reduction was deducted for the carbon with iron oxide powder. Figure 7 shows the gasification rate of each coke. In Fig. 7 , SIP means submicron iron oxide powder. Solid and open circles denote reaction rate constants of coke and coke in the mixture in CO 2 atmosphere at 1atm, respectively. Solid and open triangles are reaction rate constant of coke and coke in the mixture in CO/CO 2 (ϭ7/3) atmosphere at 1 atm, respectively. Significant difference between gasification rate of coke and coke treated with iron oxide powder was not observed. The effect of iron oxide powder on gasification of coke was not clear. The reaction rate constants in CO 2 atmosphere are 5-20 times higher than those in CO/CO 2 mixture.
The effect of submicron hematite powder on ash free coke was also investigated. Ash was removed from coke by following procedure. 1) Coke was kept in 1 : 1 HCl at 80°C for 1 h, 2) kept in 22 N HF at 80°C for 1 h, 3) kept in 1 : 1 HCl at 80°C for 1 h again, and then 4) well dried. More than 80 % of ash was removed by the treatment. The gasification rate constants of the treated coke and the treated coke with iron oxide powder were measured in CO/CO 2 (ϭ7/3 in partial pressure ratio) atmosphere (Fig. 8) .
The solid and open squares denote results of coke and coke added iron ore, respectively. Broken line represents notreated coke. Reaction rate constant of treated coke with iron oxide powder is almost same to coke including ash. As shown in Table 2 , coke contains 18 % ash including Fe 2 O 3 and CaO. The reactivity of coke including ash is already influenced by catalytic effect of minerals, thus the catalytic effect of iron oxide powder on gasification was not observed for coke. On the other hand, biomass char generally has little ash content.
The reaction rate constants of gasification reaction of biomass char mixed with iron oxide powder in CO 2 and CO/CO 2 (ϭ7/3 in partial pressure ratio) mixture were measured by the thermal gravimetric technique in the same manner as previously described. The weight change of biomass char was derived by subtracting weight change of reduction and oxidation of iron as previous method. The reaction rate constants of gasification reaction of biomass char are shown in Fig. 9 . Solid and open circles denote reaction rate constants of biomass char and biomass with iron oxide powder in CO 2 , respectively. Solid and open triangles represent the mixture and biomass char in CO/CO 2 atmosphere, respectively. The results in CO 2 are almost same to each other, however, gasification rate of the biomass char with iron oxide powder in CO/CO 2 in which metallic Fe is stable, was remarkably increased. The submicron iron oxide powder enhanced the gasification rate of biomass char in CO/CO 2 atmosphere. That indicates that following Redox cycle of iron oxide to iron acts as catalyst to improve gasification of coke. 
Gasification Reaction of Biomass Char Coated with Iron Oxide Powder in Various Atmospheres
The gasification reaction rate constant of biomass char in CO/CO 2 atmosphere at 900°C is shown in Fig. 10 . Circle and triangle denote biomass char and biomass char treated According to reaction rate constant of Eq. (2), CO/CO 2 ratio at equilibrium between Fe and FeO at 900°C is 0.445. Partial pressure of CO at 1 atm (101 325 Pa) is 0.69. Under these atmospheres, iron oxide powder is reduced to metallic Fe. Therefore, the effect of Redox reaction of Fe on gasification reaction of biomass char can be observed in these conditions. In the same manner, the catalytic effect is observed for ash removed coke in Fig. 8 . According to the previous paper, 9) the change of the inner atmosphere in the carbon iron ore composite with temperature was clarified by the model calculation. The calculated gas composition change for biomass char and coke are shown in Fig. 11 . The gas composition in the carbon iron ore composite was stagnant at Fe/FeO equilibrium. This means that the reduction of the composite is controlled by gasification of carbon around 900°C. On the basis of the above phenomena by Redox reaction of iron oxide powder in this temperature region, the reduction rate of the carbon iron ore composite can be much improved by using the newly designed composite structure.
Reduction Experiments of Carbon Iron Ore Composite
Experimental Apparatus
The weight change of carbon iron ore composite was measured by using the thermogravimetric method. A schematic sketch of the experimental apparatus is shown in Fig. 12 . An IR image furnace connected to a proportionalintegral-derivative (PID) controller with a thermocouple was used for the measurement. The temperature of the hot zone was maintained within Ϯ5 K. A continuous flow of Ar gas at 3.33 mL/s was used to control the atmosphere. A high accuracy balance was set on the furnace, and a sample contained in a platinum basket was hung from the balance. The basket is made of a platinum mesh that does not disturb gas flow around the sample.
Experimental Procedure
Coke and biomass are ground and screened within diameters of 45-75 mm, and 150-250 mm. These carbon materials were uniformly mixed with the iron oxide powders by drum mixer, then they were mixed with MBR-PF. The composition of coke is shown in Table 2 . Reducing agent and iron oxide are set as mole ratio of carbon and oxygen to be unity. About 1.0 g of the mixture was pressed in a 10-mm die at 9.8 MPa to form a tablet of the sample.
The sample was suspended within the hot zone in the furnace, and then, Argon gas was introduced in order to control the atmosphere inside the furnace. After the required gas composition of the atmosphere was obtained, the sample was heated. The temperature around the sample was increased at a rate at 0.167°C/s up to 1 000°C. Then, the temperature was maintained constant for 1 800 s and then increased again at a rate at 0.083°C/s up to 1 200°C. This heat pattern was determined on referring to the heating condition of burden in the blast furnace. The weight change of sample was measured with the scale on the furnace.
Experimental Results
Reduction of Carbon Iron Ore Composite Based on
Coke The weight changes of carbon iron ore composites based with coke are shown in Fig. 13 , where three cases are denoted. The base condition is MBR-PF, and the second is the © 2010 ISIJ replacement of 12.5 % in MBR-PF to iron oxide powder for coating of coke. The third one is the case of 100 % iron oxide powder used for iron ore fines in stead of MBR-PF. Thin broken line represents the temperature condition of specimen.
The reactivity of composite composed of hematite powder and biomass char is the highest, and that of MBR-PF and biomass char follows it. Since the gasification rate of coke is low and that limits the total reaction of composite, therefore the reduction rates of the composite with coke and hematite powder or MBR-PF are almost same each other and lower than those with biomass char. As described in Sec. 3.2, the catalytic effect of iron oxide powder to coke is minute. The difference of reactivity of reducing agent does not affect on the reaction of the composite with coke. When 100 % iron oxide powder was used in the composite, they have little influence on the reduction rate. According to the previous report, 9) the reduction rate of carbon iron ore composite is controlled by the gasification rate of carbon. Therefore, unless the reactivity of carbon in the composite is improved, the property of iron ore fines has little influence on reduction rate of the composite.
Moreover, the weight change of iron and Ca supported carbon iron ore composites are measured by the thermogravimetric method to clarify the basic effect of catalyst on the reduction behavior. Ca supported coke was prepared by the incipient wetness method using solution of reagent grade of Ca(NO 3 ) 2 . The iron was supported by incipient wetness method. The coke particles were dipped in water solution of Fe(NO 3 ) 3 · 9H 2 O, and dried at 120°C for 12 h. The concentration of iron was controlled as Fe : Cϭ1 : 400 in molar ratio. These results are shown in Fig. 14. From  Fig. 14, significant difference between these samples is not observed. Catalytic effect on coke particle is not so significant to accelerate the reduction rate, because coke particle contains a larger amount of minerals.
Biomass Char By the method as describe before, the carbon iron ore composite of the mixture of MBR-PF and iron oxide powder was produced. After the biomass char was firstly treated with iron oxide powder, a pellet composed of reducing agent and MBR-PF was pressed. Then, the replacement ratio of MBR-PF to iron oxide powder was controlled from 0% to 1.25, 6.25, 12.5, 100%. Figure 15 shows the result of the reduction experiments by thermogravimetric method. Thin broken line represents the temperature condition of specimen.
It is found that the reduction rate is improved with the increase of iron oxide powder ratio. Except 100 % iron oxide powder, the starting points of weight change are almost same to each other. As mentioned above, it is estimated that the catalytic effect of Redox cycle by iron oxide powder affects on the reduction rate of carbon iron ore composite. In case of 100 % iron oxide powder, the final value of the weight change is larger than other case. Since iron oxide powders are minute materials, the density of the tablet has an influence on the reduction rate. Samples containing MBR-PF were porous, therefore reduced iron was oxidized by impurity in the Ar gas, then the weight change ratio decreased after 2.5 h.
Totally, the addition of small amount of the iron oxide powder improved the gasification reaction of biomass char, and increased concentration of CO in the composite. Reactivity of MBR-PF also seems to be improved. Then that caused remarkable enhancement of reactivity of the carbon iron ore composite. Figure 16 shows the relationship between the iron oxide powder ratio and the weight change at 1 000°C of each sample. Moreover, this figure shows the effect of the particle size of biomass char. Even in the addition of 6.25 % iron oxide powder to biomass char, it is found that the reduction rate is much improved. The addition of iron oxide powder over 10 % seems to be enough to ensure the acceleration of reduction rate. On the other hand, the effect of particle size of biomass char has little influence on the weight change as © 2010 ISIJ shown in Fig. 16 . Since the biomass char has porous structure which has a large specific surface area, the apparent particle size does not affect on the reduction rate. 10) However, the contact situation between biomass char surface and iron oxide powder can be influenced by the particle size, so these phenomena must be a subject remained.
Regarding the difference between coke and biomass char, besides the high ash content coke, the surface structure of carbon has influence on the contact condition. As shown in Fig. 4 , since the biomass char has duct structure, surface of external side can contact with iron oxide powder in the composite. Hematite powder is small enough to attach surface inside of the duct structure. Therefore, contact points of biomass char and oxides would be increased, and then reactivity of biomass char was improved.
Behavior of High Reactive Carbon Iron Ore Composite in Blast Furnace
It is reported that if a part of burden for the blast furnace was exchanged to the carbon iron ore composite, the temperature of thermal reserve zone would be decreased.
2) In the present estimation, MBR-PF, biomass char coated with iron oxide powder were proposed as candidate of material for the newly designed composite. On the basis of the proposed reaction model of the carbon iron ore composite, 9) the reduction behavior of the composite was studied. Figure 17 shows the calculated results of the reduction degree of the conventional composite and newly designed composite. The reaction rate constants were determined by the TG-DTA experiments for each sample. From Fig. 17 , although the utilization of biomass char with high reactivity can improve the reduction degree, the composite of biomass char with iron oxide powder shows the favorable reduction behavior. Even in the range under 1 000°C, the reduction of the composite can be almost completed by this calculation. Especially, from the 30 % reduction degree, the reduction rate of the carbon iron ore composite with iron oxide powder was accelerated. Since this region is equivalent to the reduction from FeO to Fe, its behavior implies the catalytic effect of iron oxide powder by Redox reaction. Therefore, the decrease in the thermal reserve zone temperature in blast furnace can be expected by using these composite.
Conclusions
The newly designed carbon iron ore composite was proposed. In the composite, the carbon was coated with active submicron iron oxide powder, which was produced in the fluidized roasting of pickling waste liquor of steel sheet in the steel works. These powders work as catalyst to gasify the carbon of composite. On the basis of the TG-DTA and reduction experiments, the following conclusions are obtained.
(1) By TG-DTA experiments, it was confirmed that the reactivity of carbon is enhanced by using high reactivity iron oxide powder. The addition of iron oxide powder to carbon as catalyst is effective for biomass char, because coke has originally high ash content such as minerals.
(2) The addition of submicron iron oxide powder on biomass char enhances the reactivity of biomass char in CO/CO 2 atmosphere in which metallic iron is stable. It was estimated that these phenomena was caused by Redox cycle of active iron oxide powder.
(3) Regarding the reduction experiments of the composite, the substitution of 10 % iron oxide powder for MBR-PF in the composite could accelerate the reduction rate. The newly designed composite would be so effective to improve the reduction behavior of burden in blast furnace.
